Abstract. Various road surface deformations generally occur on urban and rural roads due to infrastructure, superstructure deficiencies and excessive heavy vehicle loads. In addition to driver-based errors, many accidents happen due to these mentioned surface deformations. This study aims to present lateral lane utilization and longitudinal driving behaviours on a two-lane deformed road. The effect of deformation on the tendency of drivers' lane selection, lane utilization, and the movement in traffic flow will also be determined. For this purpose, parameters such as lateral position, speed, acceleration/deceleration and location data of vehicles travelling through four different deformation zones on a two-lane road in Izmir (Turkey), were collected. Based on the fact that in ideal conditions, distribution of lateral positions of vehicles in a lane is similar to normal distribution. The collected data was evaluated with chi-square (χ 2 ) goodness of fit test to see if they are fit to normal distribution or not. This study concluded that if a deformation zone has wider area and less depth, it will be less effective on lateral lane utilization of vehicles. It was also obtained from the results that variation in other parameters such as deformation type, depth and height are associated with the lateral lane utilization of drivers. Additionally, the drivers' characteristics such as perception and aggressiveness are seen as the most important factors influencing the longitudinal vehicle behaviours while passing through the deformation zones.
Introducion
One of the most significant factor that affects lateral friction resistance, lateral and longitudinal positions of vehicles is road surface deformation. Surface deformations are defined as any change of a road according to the initial state of a road surface (Aydın et al. 2014) . In addition, the surface deformations are a function of vertical depressions (potholes, rutting etc.) or deflections (road humps and speed cushions etc.) (Ben-Edigbe et al. 2011) . Road pavements are designed based on an estimated traffic carrying capacity throughout a service life (Ben-Edigbe, Ferguson 2005) . After the pavement surface begins its service life, various surface deformation types appear to form on the road surface in the form of potholes, broken edges, rutting, cracking, swelling and shoving. They are particularly observed at sections of the roads where the number of vehicles in traffic are excessive. Major reason for the deformation is the increase in interacting axle load depending on the number of vehicles using the mentioned parts of the road (Nagel, Schreckenberg 1992; Leutzbach, Wiedemann 1986 ). In addition, their types on the road surface vary with the features of bituminous material used in road construction, traffic volume, environmental factors, and subgrade bearing capacity of pavement (Walker et al. 2002; Aydın et al. 2013) . They may adversely affect the service ability of a road in relation with their position and size on the deformed road surfaces and work zones (Aydın 2013) . However, the deformations are persistent problems in undeveloped and developing country roads due to low-cost road policy (Ben-Edigbe 2010). However, the situation is not only seen in undeveloped or developing countries, which have poor road surface condition problems. In addition, developed countries have road surface problems resulting from work zones, climatic conditions, and excessive loads etc. In order to detect and fix these mentioned problems, many countries have been working to monitor these deformations by utilizing special devices and techniques (TRB 2004; Oloufa et al. 2004; Lee, Kim 2005; Battiato et al. 2006; Dell' Acqua et al. 2011; Strazdins et al. 2011; Žilionienė et al. 2013 ).
Surface deformations have significant impact on vehicle speed and traffic flow conditions. They limit driving properties such as driving comfort, vehicle control etc. However, they cause an increase on the cost of operating of vehicles as well as on, maintenance and pavement management costs. Additionally, not only they cause traffic congestion problems and accidents; but also they cause slower movement speeds, longer travel times, longer queuing and severe discomfort problems (Ben-Edigbe 2010). Some earlier results show that deformations have great effect on the maximum traffic flow (capacity) of uninterrupted road link sections (BenEdigbe, Ferguson 2005) . Ben-Edigbe et al. (2011) tried to explore trapezoidal flow rate contractions resulting from surface deformations. They found that there is a significant variation in vehicle speed between 'with' and 'without' deformation sections. Ben-Edigbe and Ferguson (2005) obtained that a decrease in capacity caused by the pavement surface deformations is about 30% and average speed reduction is about 40 km/h. Ben-Edigbe (2010) has indicated that adverse conditions have significant impact on level of service of a road. He concluded that the deformations would result a significant reduction in speed by up to 50% and in traffic flow by up to 20%. Ben-Edigbe (2005) measured decrease in capacity of road by 30% with an average speed reduction of about 50% (20 km/h). However, the results of some studies exhibited that potholes on pavement surfaces may reduce speeds average 6 km/h according to Transportation Research Laboratory (TRL), Crowthorne, England (Ross et al. 1991) .
Various traffic flow theories investigated longitudinal and lateral behaviours of vehicles on straight sections of roads. These flow theories experimented longitudinal flow movements, and that they exhibit significant role in directly or indirectly defining lateral positions of vehicles (Aydın 2013) . In lane-based car following theory, vehicles continue their movement centering the lanes. Each vehicle is directly influenced by the movement of vehicle in front and at the back. Based on this theory, lateral positions of vehicles on lanes are expected to exhibit normal distribution (Gunay 2001 (Gunay , 2008 (Gunay , 2009 Timm, Priest 2005; Gunay, Woodward 2007; Yousif et al. 2013) . However, in some unexpected traffic situations, lane-based driving discipline is weak. Therefore, lateral positions of vehicles on lanes may not correspond to normal distribution due to external factors (Khan, Maini 1999 , Gunay 2004 . It is also possible to see different lane utilization behaviours of drivers resulting from low lane visibility, inadequate lane width and low lane-based driving discipline of drivers (Gunay 2008) .
Previous studies regarding the investigation of the effect of road surface deformations have been very limited. They generally focused on examining the negative effects of road surface deformations on traffic flow, road safety, pavement management, level of service etc. (Ross et al. 1991 Tanyel et al. 2013; Yousif et al. 2013) . However, these studies did not combine the negative effect of surface deformations on lateral lane utilization and longitudinal driving behaviour. The objective of this study is to determine the negative effect of deformations on lateral lane utilization and longitudinal driving behaviours by considering the various effective parameters.
Data Collection and Methodology
In this study, data were collected based on the belonging to lateral positions of vehicles traveling on lanes throughout four different deformation zones (Deformation Zone 1, 2, 3 and 4) on the main arterial roads of Tinaztepe Campus (Izmir, Turkey) (Fig. 1) . Deformation Zones 1, 2 and 3 (DZ-1, DZ-2 and DZ-3) are formed by heavy vehicles and environmental effects. However, Deformation Zone 4 (DZ-4) is formed by the removal of certain part of a speed bump. It was removed to decrease deformation impact on the right lane after some time to increase the value of traffic flow. The choice of Tinaztepe campus is based on the following factors:
-availability of various flow densities on main arterials; -heavy vehicle such as bus, truck, etc. effects can be seen on pavement surface; -availability of various type of deformations and speed bump on arterials; -parking ban on main arterials of campus; -uninterrupted flow conditions resulting from signals, intersection, etc.; -availability to take video recordings from high locations to use screen scaling method on arterials; -visible road surface signs (available lane separation). Road surface deformations seen on the same position but different places on lanes were categorized in the same deformation zone. Geometrical features and structural properties of deformation zones are presented in Table 1 .
All observations were made for different traffic flow conditions, dates and times by using video camera recordings. Cameras were placed at high locations where drivers could not notice. In this study 40, 45, and 30 min data sets were obtained from DZ-1, DZ-2; DZ-3 and DZ-4 respectively. All data were collected throughout the weekdays under dry and open weather conditions. Collected video recordings were evaluated by using Screen Ruler Software (MB-Ruler©) analysis programs. Position of moving vehicles on deformation zones were determined and measured by using screen scaling method in MB-Ruler© (Fig. 2) . In this method, road surfaces were divided into 20 cm distances on the screen, and position data belonging to right and left wheels of each vehicle were obtained by using the Eq. (1): ( )
where : Lateral positions and average axle lengths of vehicles based on vehicle types and lane width on road were used in analyses. All observed and unobserved vehicles with axle lengths are presented in Table 2 .
To determine longitudinal lane utilization and driving behaviour, 5 different drivers (4 male and 1 female) were selected. Typical GPS devices were installed into the vehicles that they are using the same route every day. Speed profile, acceleration/deceleration and delay times of the vehicles resulted from the road surface deformations were obtained by the way of GPS device, which has less than 1 sec. delay error. The collected data includes 18 lap movements of 5 different vehicles on about 2 km road (Fig. 3 ).
Results and Evaluations

Lateral Lane Utilization
Following the determination of the lateral positions of vehicles for each deformation zone, data belonging to lateral lane utilization of vehicles traveling through deformation zones were examined. Frequency distributions for lateral lane utilization of right and left wheels were obtained for each deformation zone. By using the obtained frequency distributions, statistical analysis was performed to determine lane utilization behaviour of vehicles on deformed or non-deformed road sections. Considering the 5% level of probability with a minimum (Table 3) . As seen from Table 3 , probability of excessing frequency distributions of wheel positions for DZ-2 left lane left wheel, DZ-3 right lane right wheel, DZ-4 right lane right and left wheels, and left lane left wheel are not fit to normal distribution. Also, axle lengths of vehicles have been measured and the axle lengths were then averaged. For each deformation zone on right/left lanes, average axle lengths ( n L ) of vehicles were obtained. Assuming that vehicles would continue to travel fully centring the lanes, the axle lengths were centred on the lanes and expected positions of vehicles were obtained. Based on the observed positions of vehicles, comparison of expected positions to normal distribution was examined and the results were presented in Table 4 .
It can be seen from the comparison results of expected positions to normal distribution according to observed positions, none of right and left wheel positions fit to normal distribution. Results showed that there is a deviation from their expected positions of DZ-1 left lane right and left wheels, and DZ-2 left lane right and left wheels.
As an example, the relation between expected position and observed position for DZ-1 right lane left wheel is presented in Fig. 4 for normal distribution results given in Table 4 . As can be seen from the Fig. 4 , there are great differences between expected and observed position of vehicle. The normal distribution for the observed position on the figure is clearly skewed to the left. Peak point for frequency distribution of vehicles is expected around 300 cm. However, it is obtained around 380 cm due to this skewness.
Lateral axle positions of vehicles on DZ-1 are presented in Fig. 5 . The figure indicates that the effect of deformation is between 420 and 470 cm of the road. Vehicles are traveling either by centring over deformation zone or from right/left of deformation zone.
Using the histogram in Fig. 5 , right and left wheel frequency distributions of vehicles for both lanes are computed to fit the normal distribution. It can be concluded that DZ-1 does not have significant impact on lateral lane utilization of vehicles. The most significant factor on this result is the size and depth of deformation zone. From the measurements, deepest part was found 6.5 cm on DZ-1. However, it is observed that this depth does not continue over all deformation zone. Therefore, it is noticed that this depth does not prevent vehicles from traveling on this point. Frequency distributions of lateral positions on lanes for vehicles traveling through DZ-2 is seen in Fig. 6 . Fig. 6 depicts that there is no vehicle travels through 160-180 cm range of right lane. As stated previously, the most significant factor here is the depth and magnitude of deformation. Depth for deformation zone in Fig. 6 is measured as 6.7 cm. However, current depth extends laterally for 60 cm. Based on the result, horizontal magnitude of deformation zone, horizontal and vertical magnitude of depth should be taken into the consideration in analysis.
As can be seen from Fig. 6 , frequency distributions of right and left wheels of vehicles DZ-2 fit normal distribution for both wheels by using the right lane on DZ-2. However, frequency distributions of right and left wheels of vehicles do not fit normal distribution by using the left lane. Because of the moving vehicles on right lane affect the moving vehicles on left lane. 60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480  500  520  540  560  580  600  620  640  660  680  700  720  740  760  780  800  820  840  860  880  900  920  940 20  40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480  500  520  540  560  580  600  620  640  660  680  700  720  740  760  780  800  820  840  860  880  900  920 Frequency distributions of lateral positions of vehicles traveling through DZ-3 are shown in Fig. 7 . In DZ-3, deformation is on the 0-170 cm range of right lane. However, it does not seriously affect lateral lane utilization. Depth on deformation is measured as 9 cm and width of current depth is determined around 30 cm. It is also observed that vehicles traveling on DZ-3 were only a few. Reconsidering the video records, it is seen that heavy vehicles are less affected from the deformation impact. This irregular right wheel frequency distribution on 1-170 cm range of right lane does not fit normal distribution. On the other hand, it is seen that observed left wheel frequency distribution of vehicles on right lane fits the normal distribution.
Lateral distributions of vehicles traveling through DZ-4 (road hump) are shown in lanes in Fig. 8 . The position and lateral width of deformation located on DZ-4 are observed to be quite significant. The deformation on DZ-4 consists of two parts. First of these is the part located on 190-250 cm and the second pert is on 400-900 cm range. In addition, hump height of deformation was measured as 3.5 cm.
As seen from Fig. 8 , due to continuous deformation along the left lane, vehicles preferred to move on the right lane. The impact of the height along the all left lane and a part of the right lane affect drivers to choose more comfortable and less harmful lane to consider mechanical parts of the vehicle. As a result, right and left wheel frequency distribution of vehicles traveling on right lane does not fit normal distribution. In addition, the frequency distribution of right wheels of vehicles traveling on the left lane is observed to fit the normal distribution. However, left wheel frequency distribution does not fit normal distribution since no vehicle travels on 910-960 cm range of the road.
Longitudinal Lane Utilization
Standard deviations of maximum, minimum and average speed values for four different deformation zone and five different drivers were presented in Table 5 . It can be seen from Table 5 that, vehicles are willing to decrease their speeds or change their lanes to avoid from deformation effect. In addition, standard deviation values of the speeds were found to be significantly higher considering the non-deformed section of the road. This indicates that vehicles travel more stable in non-deformed zones with respect to deformed zones. While the data was investigated considering five different driver types, it was found that the speed values and the corresponding standard deviations obviously different from each other. From the obtained results, standard deviation of the speed for 1st driver was 11.06 on DZ-3, 11.67 for 2nd driver on DZ-2, 2.79 for 3rd driver on DZ-2 and DZ-3, 1.68 for 4th driver on DZ-1 and 2.7 for 5th driver on DZ-5. These results indicate that DZ-2 is subject to the greatest speed variations among all deformation zones. In addition, the 2nd driver has the highest standard deviation of the speed, and it shows that 2nd driver has an aggressive driver characteristics. However, it can be seen from Table 5 DZ-2 has more effect on speed differences for five drivers.
The acceleration, deceleration and delay values were shown in Table 6 for five different driver characteristics on deformation zones. Based on the delay results in Table 6 , 5th driver has maximum delay on five deformation zones. These results indicate that 5th driver felt the highest deformation effect among all deformation zones. It can be seen from Table 5 and 6, 2nd driver has the highest standard deviation of the speed and 5th driver has the maximum delay. It means that 2nd driver has an aggressive and 5th driver is quite careful driver characteristics. Hence, it can be said that deformation zones have different effect on drivers.
The speed-position relationship for five different drivers on deformed road (DZ 1-4) is shown in Fig. 9 . 40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480  500  520  540  560  580  600  620  640  660  680  700  720  740  760  780  800  820  840  860  880  900  920 20  40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480  500  520  540  560  580  600  620  640  660  680  700  720  740  760  780  800  820  840  860  880  900  920 As can be seen in Fig. 9 deformations cause the drops of the vehicles speeds for all deformation zones. Additionally, the peak speeds of the vehicles are located in the same place but yield different values between the deformation zones. The most significant factor is the characteristics of the driver.
Conclusions and Suggestions
In the present study, lateral lane utilization and longitudinal driving behaviours of vehicles on a two-lane road with surface deformations were investigated. Lateral lane utilization analysis indicate that the right and left wheel distribution of vehicles fit normal distribution only on DZ-1. This result showed that if a deformation zone has wider area and less depth, it will be less effective on lateral lane utilization of vehicles. It is also concluded that both expected right and left wheel positions of vehicles do not fit normal distribution on examined lane surfaces. It indicates that there are clear deviations between the expected lateral positions and the current positions of vehicles on deformation zones. The most significant factor on the magnitude of the deviations is found as the magnitude and the position of deformations on straight sections of a road. It is also concluded that variation in other parameters such as deformation type, depth and height are associated with the lateral lane utilization of drivers. In terms of longitudinal lane utilization and driving behaviour analysis, standard deviation values of the vehicle speeds were found significantly higher considering the non-deformed section of the road. This indicates that vehicles travel more stable in non-deformed zones with respect to deformed zones. While the data were investigated considering five different driver types, it is seen that the speed values and the corresponding standard deviations obviously differ from each other. The analysis shows that DZ-2 is subject to the greatest speed variations among all deformation points. Because, DZ-2 has three deformation point and three different deformation type. In addition, results indicate that the 2nd driver has the highest standard deviation of the speed, and it shows that 2nd driver exhibits an aggressive driver characteristics. In the light of findings, it is possible to consider that the driver characteristics such as perception and aggressiveness are seen as the most important factors influencing the longitudinal vehicle behaviours while passing through the deformation zones. Additionally, it is seen, that surface deformation has negative effect on traffic safety, fuel consumption and road surface durability.
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In future studies, the longitudinal and lateral movements of vehicles on a deformed road can be investigated especially in the light of more extended data. The future studies need to reflect and clarify different measurement methods and to suggest further ways to estimate the effect of road surface deformations on the lateral lane utilization. Additionally, current lane shift models could be calibrated with actual observation and questionnaire data. Thus, lateral positions and longitudinal driving behaviours of vehicles on a road with deformations could be related to a mathematical model easily. In this manner, both implementing a mathematical model and calibration of an available model with the real observation data can be performed.
